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ABSTRACT 
 
Neuronal Toll-like Receptor 7 Regulates Airway Sensory Nerve Growth   
 
Karol Wai, Becky J. Proskocil, Emily D. Blum, Katherine M. Lebold, Allison D. Fryer, David B. 
Jacoby, Matthew G. Drake.   
 
Background: Toll-like receptor 7 (TLR7) is an innate immune receptor that detects single-
stranded RNA viruses and triggers an immune response. Recently, we found that airway sensory 
nerves express TLR7, although its role on nerves is unknown.  
 
Objective: To characterize TLR7 expression on airway sensory nerves, and to determine the 
effects of neuronal TLR7 stimulation.  
 
Methods: Vagal and dorsal root ganglia were isolated from female Hartley guinea pigs (~400g) 
and fixed in zinc formalin. Nerves were immunolabeled with antibodies against TLR7 and either 
neurofilament-1 (NF-H) to identify A𝛿 fiber sensory nerves or transient receptor potential V1 
(TRPV1) to identify C fiber sensory nerves. In separate experiments, dorsal root ganglia were 
isolated, cultured, and treated with the TLR7 agonist R837 (0.1-100 microM) for 16 hours. Nerve 
length, the number of neurites, and the number of branch points were quantified.  
 
Results: Airway sensory nerves originating in the vagal and dorsal root ganglia heterogeneously 
expressed TLR7. TLR7 was highly expressed on small TRPV1-expressing C fiber neurons, but 
not on large NF-H-positive A𝛿 neurons. The TLR7 agonist R837 dose-dependently increased 
nerve length and branching in vitro.  
 
Conclusions: TLR7 is highly expressed by airway sensory C fibers nerves and its activation 
stimulates neurite growth. Neuronal TLR7 may facilitate detection of respiratory viruses and 
regulate anti-viral immune responses.  
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INTRODUCTION 
 
Innervation to the Lung  
 
Sensory afferent nerve cell bodies reside in clusters (ganglia) and project nerve fibers to the airway 
epithelium. These fibers primarily originate in the vagal ganglia located at the base of the skull 
(21), which are divided into nodose and jugular ganglia (10). A smaller population of airway 
sensory neurons originate in the dorsal root ganglia located along the thoracic spine (20). Sensory 
nerves detect irritants including cigarette smoke, mechanical stimuli, changes in pH or 
temperature, allergens, and pollutants in the airway lumen and relay signals to the central nervous 
system (CNS) (11, 12, 13, 14, 15). Upon transmission of the signals by sensory afferent nerves, 
the CNS then stimulates the efferent parasympathetic cholinergic nerves that mediate 
physiological effects such as cough and bronchoconstriction (narrowing of the airways) (16).  
 
Aδ and C Sensory Nerve Fibers 
 
Sensory nerves are composed of different types of fibers. Slow, non-myelinated C fibers are 
responsible for the perception of long lasting pain, and fast, myelinated Aδ fibers are responsible 
for the detection of sharp pain triggering a withdrawal reflex (4, 5). Signals detected as “slow” 
pain come from the stimulation and transmission of nerve impulses over C fibers, while “fast” pain 
comes from stimulation and transmission over Aδ fibers. Aδ fiber neurons have myelin sheaths 
composed of proteins and lipids, enabling faster conduction velocities. In comparison, C fiber 
neurons have slower conduction velocities less than 1.3 m/s attributed to the lack of myelin and 
small diameters. The intensity of immunoreactivity to a neurofilament-1 antibody and cell size 
(cross-sectional area) have been used to distinguish Aδ fibers from C fibers. Aδ fiber cell bodies 
are neurofilament-1 positive and larger in size whereas C fiber cell bodies are neurofilament-1 
negative and smaller in size (6).  
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Nerve Growth and Branching 
 
Vertebrate neurons integrate information from different regions.  This is enabled by the ability of 
a single nerve fiber (axon) to extend numerous branches and form terminal arbors on target tissue. 
Nerve branches originate from the axon shaft and arborize on specific targets. Growth factors such 
as fibroblast growth factor (FGF), and neurotrophins such as nerve growth factor (NGF) and brain 
derived neurotrophic factor (BDNF) contribute to neurite branching and arborization (19). 
Changes in arborization and innervation significantly alter physiological responses in the airways. 
Studies have shown that overexpression of NGF in transgenic mice result in local hyperinnervation 
in tissues that expressed the transgene (22). Hyperinnervation increases sensitivity to capsaicin-
induced airway constriction detected by sensory afferent C fibers (22) and magnifies physiological 
responses. On the contrary, the loss of nerves lessen physiological responses.  
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Fig.1.1. Nerve Overview—parasympathetic nerves and sensory nerve pathways (adapted 
from reference 33).  
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TLR7 Expression and Activation 
 
Toll-like Receptor 7 (TLR7) is a single stranded RNA receptor located within intracellular vesicles 
like endosomes or lysosomes and the endoplasmic reticulum of eukaryotic cells (1). It belongs to 
the Toll-like Receptor (TLR) family of innate immune receptors, which play a critical role in host 
defense by detecting pathogen-associated molecular patterns including lipids, proteins, and nucleic 
acids from bacteria, funguses, parasites, and viruses (23, 24). The TLRs responsible for 
recognizing viral products predominantly do so by detecting virus nucleic acids. TLR7 specifically 
detects virus single-stranded RNA (ssRNA) and resides on airway epithelial cells where binding 
of respiratory virus triggers an innate immune response by producing type 1 interferons and 
inflammatory cytokines (2). Binding of respiratory virus ssRNA to TLR7 not only initiates the 
inflammatory and immune response, but also worsens asthma (25) and induces airway 
hyperreactivity (26, 27). Stimulation of TLR7 with R837 agonist has also been shown to rapidly 
dilate guinea pig airways in vivo (28) as well as human airways in vitro (3). These findings, 
combined with the immunomodulatory abilities of TLR7 to suppress airway hyperreactivity 
common after virus infections in asthma (30) and prevent Th2-mediated airway inflammation (31, 
32), heighten its potential as a therapeutic target in asthma. In this study, we investigate the 
expression and role of TLR7 on airway sensory nerves. 
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METHODS 
 
Animals 
 
Female Hartley guinea pigs (~400 g) were purchased from Charles River Labs, Wilmington, MA 
and were handled according to the U.S. Animal Welfare Protocols approved by the Institutional 
Animal Care and Use Committee. Guinea pigs are an ideal model for these experiments since 
human and guinea pig airway have similar airway innervation and physiology.   
 
Immunohistochemistry  
 
Vagal and dorsal root ganglia were isolated from female Hartley guinea pigs (~400g) and fixed in 
zinc formalin overnight.  Ganglia were processed for paraffin embedding and then sectioned.  
Paraffin slides were placed in xylene overnight. Slides were de-waxed in xylene and then 
rehydrated in series of ethanol (100%, 70%, 50%) to distilled water. Antigens were unmasked by 
1% antigen unmasking solution (AUS; Vector) diluted in distilled water in a 90°C water bath. 
Following additional water washes, ganglia were blocked in 10% normal goat serum (NGS) and 
phosphate-buffered saline solution with 0.05% tween (PBST) at room temperature for one hour. 
The ganglia were immunolabeled with antibodies against TLR7 (Abcam/ Novus) and either 
neurofilament-1 (NF-H; Abcam) to identify Aδ fibers or transient receptor potential V1 (TRPV1; 
Alomone) to identify C fibers. Primary antibodies were diluted in PBST containing 10% NGS and 
slides were kept in a humidified chamber overnight at 4°C. Control slides were not treated with 
primary antibodies (no primary control). Slides were then warmed up to room temperature and 
protected from light during secondary antibody application (see below). Slides were covered with 
vectashield with DAPI to elucidate the nuclei (Vector H-1200), sealed with Cytoseal (Thermo 
Scientific 8310-16), and stored flat at 4°C until imaging. 
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Dorsal root ganglia were immunolabeled as follows:  
 Rabbit polyclonal antibody against TLR7 (Abcam) 
 Goat anti-rabbit 488 F(ab’)2 -conjugated antibody (LifeTech) 
 Chicken polyclonal antibody against Neurofilament-1 (Abcam) 
 Goat anti-chicken 555 F(ab’)2 -conjugated antibody (LifeTech) 
 
Vagal ganglia were immunolabeled as follows when using TRPV1 as a C fiber marker:  
 Rabbit polyclonal antibody against TLR7 (Novus) 
 Goat anti-rabbit 488 (LifeTech A11034; Alexa Flour 488 IgG H+L) 
 Rabbit polyclonal antibody against TRPV1 (Alomone ACC-030) 
 Goat anti-rabbit 555 (LifeTech A21429; Alexa Fluor 555 IgG H+L) 
 
Vagal ganglia were immunolabeled as follows when using Neurofilament-1 (NF-H) as an A𝛿 fiber 
marker:   
 Rabbit polyclonal antibody against TLR7 (Novus) 
 Goat anti-rabbit 488 (LifeTech A11034; Alexa Flour 488 IgG H+L) 
 Chicken polyclonal antibody against Neurofilament-1 (Abcam) 
 Goat anti-chicken 555 (Invitrogen A21437; Alexa Fluor 555 IgG H+L)  
 
Microscopy 
 
Ganglia were photographed under identical conditions using an ApoTome confocal microscope 
(20X, 1.3 NA). Four images were taken per nodose and jugular ganglia while one image was taken 
for each whole dorsal root ganglia. Thirteen dorsal root ganglia were analyzed from 2 animals. 
Ten nodose ganglia and nine jugular ganglia were analyzed from five animals. Data obtained from 
each ganglia was averaged per animal. Pictures were taken at the wavelengths 488 (to visualize 
TLR7), 555 (to visualize TRPV1 or NF-H), and 405 (DAPI). 
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Image J/ FIJI software 
 
FIJI software was used to measure the fluorescent intensity and cross-sectional area of each neuron 
within the dorsal root, nodose, and jugular ganglia. Neurons were defined as enclosed cell bodies 
having a nucleus and were traced using the FIJI drawing tool. The fluorescent intensity of NF-H, 
TRPV1, and TLR7 was recorded for each neuron as well as the area of each neuron. Values from 
the background and no primary control tissues were subtracted from the mean fluorescent 
intensities of the fully stained tissues. The fluorescence indicated the level of brightness within 
each nerve cell and was used to quantify expression. A threshold was established for each image 
and it enabled clear delineations between TLR7-positive neurons and TLR7-negative neurons 
based on their fluorescence. Neurons were then categorized as either TLR7-positive or TLR7-
negative depending on whether or not they significantly expressed TLR7.  
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Figure 1.2. A) Dorsal root ganglion (5X). TLR7 (green), NF-H (red), DAPI (blue)). B) Whole 
dorsal root ganglion split into DAPI (blue), TLR7 (green), and NF-H (red) channels. C) A 
magnified image showing traced neurons inversely express NF-H (red) and TLR7 (green). 
 
 
 
 
A)   Whole DRG 
B)                        DAPI                                TLR7                             NF-H 
C)                                             NF-H    TLR7  
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Figure 1.3. A) Nodose Ganglia (5x). B) Nodose Ganglia No Primary Control (5x). TLR7 
(green), NF-H (red), DAPI (blue). 
 
  
 
 
Figure 1.4. A) Jugular Ganglia (5x). B) Whole Jugular Ganglia No Primary Control (5x).  
TLR7 (green), NF-H (red), DAPI (blue). 
 
  
 
 
A) 
A) 
B) 
B) 
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Nerve Culture   
 
Dorsal root ganglia were isolated and digested in 600 U/mL type IV collagenase for 5 minutes at 
37°C while gently agitated and cultured in serum-free media containing nerve growth factor (100 
µg/mL; Harlan). Nerve cultures were treated with TLR7 agonist R837 (0.1-10 µM) for 16 hours 
then fixed in zinc formalin. Nerve images were obtained with a Nikon Eclipse TS100 microscope 
(10X magnification).  Nerve length was measured by a blinded observer using FIJI software. All 
experimental conditions were conducted in triplicate and total n=3.   
 
Statistics   
 
The percentage and cross-sectional area of NF-H and TRPV1 expressing neurons that were TLR7-
negative or TLR7-positive neurons were analyzed using a two-tailed, unpaired T-test (GraphPad 
Software, La Jolla, CA). Changes in nerve length were analyzed using a one-way ANOVA with 
the Bonferroni post-hoc test. Data is represented as mean ± SEM. A p value less than 0.05 was 
considered significant.   
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RESULTS 
 
Dorsal root and vagal sensory nerves contain more TLR7-positive neurons than TLR7-
negative neurons.  
 
The percentage of TLR7-negative and TLR7-positive neurons was quantified for guinea pig dorsal 
root and vagal ganglia.  More TLR7-positive neurons than TLR7-negative neurons were present 
in each ganglia. Specifically, within the dorsal root, nodose, and jugular ganglia, the percentage of 
TLR7-negative neurons was 32%, 35%, and 30%, while the percentage of TLR7-positive neurons 
was 68, 65, and 70% respectively (Figure 2.1).  
 
TLR7-positive neurons in the dorsal root and vagal ganglia are smaller than the TLR7-
negative neurons.  
 
TLR7-positive neurons were smaller on average (based on 2-dimensional cross-sectional area) 
than TLR7-negative neurons (Figure 2.2). Smaller cells are consistent with unmyelinated C fibers 
in ganglia suggesting TLR7 is preferentially expressed on this neuronal population. 
 
TLR7-positve neurons express less NF-H than TLR7-negative neurons.  
 
Guinea pig dorsal root and vagal ganglia were co-stained for TLR7 and NF-H (Aδ fiber marker). 
Minimal neurofilament-1 expression was detected in TLR7-positive neurons, while high 
neurofilament-1 expression was observed in TLR7-negative neurons (Figure 3.1). Therefore, 
TLR7 is primarily expressed by neurons other than Aδ fibers.  
 
 
 
 
 
 
 
14 
 
TRPV1 Expression is greater in TLR7-positive neurons than TLR7-negative neurons 
 
Guinea pig vagal ganglia were co-stained for TLR7 and TRPV1. High TRPV1 expression 
distinguishes small size unmyelinated C from large myelinated Aδ fibers (8, 9). Greater TRPV1 
expression was observed in TLR7-positive neurons while low TRPV1 expression was observed in 
TLR7-negative neurons of vagal ganglia (Figure 3.2). Since high TRPV1 expression is associated 
with unmyelinated C fibers, my results indicate that TLR7 is preferentially expressed on sensory 
C fibers.  
 
TLR7 agonist promotes nerve growth in vitro 
 
Guinea pig dorsal root ganglia were isolated, cultured, and treated with TLR7 agonist R837 at 
varying concentrations (100 nM, 1 µM, and 10 µM) for 16 hours) to determine the effects of 
neuronal TLR7 stimulation. R837 increased the nerve length in a dose-dependent manner (Figure 
4), suggesting TLR7 regulates nerve growth.  
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Figure 2.1. There are a greater percentage of TLR7-positive neurons (green bars) than 
TLR7-negative neurons (white bars) within A) dorsal root ganglia B) nodose ganglia and C) 
jugular ganglia. 
 
A) Dorsal Root Ganglia   B) Nodose Ganglia  C) Jugular Ganglia 
      
 
Figure 2.1.  The percentage of TLR7-positive and TLR7-negative neurons was calculated within 
dorsal root and vagal ganglia. Data are expressed as the mean ± SEM. (n=2, P= 0.0203 for dorsal 
root ganglia; n=10, P= 0.0003 for nodose ganglia; n=9, P ≤ 0.0001 for jugular ganglia) 
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Figure 2.2. TLR7-negative neurons (white bars) have larger cross-sectional area than TLR7-
positive neurons (green bars) within A) dorsal root ganglia B) nodose ganglia and C) jugular 
ganglia. 
 
A) Dorsal Root Ganglia  B) Nodose Ganglia  C) Jugular Ganglia 
            
 
Figure 2.2. The cross-sectional area of TLR7-positive and TLR7-negative neurons was measured. 
Data are expressed as the mean ± SEM. (n=2, P=0.0791 for dorsal root ganglia; n=10, P=0.039 for 
nodose ganglia; n=9, P=0.0012 for jugular ganglia) 
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Figure 3.1.  NF-H expression is greater in TLR7-negative neurons (white bars) than TLR7-
positive neurons (green bars) within A) dorsal root ganglia B) nodose ganglia and C) jugular 
ganglia. 
 
A) Dorsal Root Ganglia  B) Nodose Ganglia  C) Jugular Ganglia 
            
 
Figure 3.1. Dorsal root and vagal ganglia were immunolabeled for TLR7 and NF-H to determine 
TLR7 expression on Aδ sensory nerves. Data are expressed as the mean ± SEM. (n=2, P=0.2733 
for dorsal root ganglia; n=5, P=0.0003 for nodose ganglia; n=5, P= 0.0147 for jugular ganglia). 
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Figure 3.2. TRPV1 expression is greater in TLR7-positive neurons (green bars) than TLR7-
negative neurons (white bars) within A) nodose and B) jugular ganglia. 
 
A) Nodose Ganglia                                          B) Jugular Ganglia                                   
                      
 
Figure 3.2. Vagal ganglia were immunolabeled for TLR7 and TRPV1 to determine TLR7 
expression on C fibers.  Greater TRPV1 expression was observed in TLR7-positive neurons while 
less TRPV1 expression was observed in TLR7-negative neurons in vagal ganglia. Data are 
expressed as the mean ± SEM. (n=5, P=0.1234 for nodose ganglia; n=4, P=0.0112 for jugular 
ganglia). 
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Figure 4: TLR7 agonist promotes nerve growth in vitro.  
 
 
 
 
 
 
Figure 4.  Guinea pig dorsal root ganglia were grown in culture were treated with the TLR7 agonist 
R837 (100nM-10µM) for 16 hours.  A) Nerve length increased dose-dependently when stimulated 
with TLR7 agonist R837. B) Representative images of vehicle and TLR7 agonist-treated dorsal 
root ganglion (10 µM).  
 
 
 
 Vehicle 
 TLR7 agonist 
A) 
B) 
20 
 
DISCUSSION 
 
TLR7 is an immune receptor that detects respiratory virus and triggers an innate immune response 
including production of type 1 interferons and inflammatory cytokines (2). Previous studies have 
described TLR7 expression on airway sensory nerves (3).  However, the specific subpopulation of 
sensory nerves expressing TLR7 has not been identified.  In my study, I found TLR7 is primarily 
expressed by airway sensory C fibers, not sensory Aδ fibers in guinea pig airways.  Furthermore, 
TLR7 agonist increased sensory neurite length, suggesting TLR7 has a novel role regulating 
airway sensory nerve growth.  
 
Implications of TLR7 Expression by Sensory C fibers 
 
My findings provide evidence that TLR7 is predominantly expressed on airway sensory nerve C 
fibers. TLR7 expression on unmyelinated C fibers may be important for C fibers’ control of cough 
and bronchoconstriction (17).  For example, stimulating sensory C fiber afferents with irritants 
like capsaicin among other noxious stimuli (22) causes a central reflex leading to 
bronchoconstriction. Interestingly, previous studies have shown that TLR7 activation causes a 
rapid bronchodilation in the airways of guinea pigs in vivo and in vitro (28) and human airways in 
vitro (3). These contrasting results suggest that the C fibers are not exclusively involved in 
bronchoconstriction, but may also counter-balance constriction with relaxation mediated by TLR7.  
Furthermore, during periods of abnormal bronchoconstriction, such as during respiratory viral 
infections (26, 27), changes in TLR7 expression or function may contribute to abnormal regulation 
of airway tone.  
 
TLR7 expression on C fibers also suggests that airway nerves can detect and respond to respiratory 
viruses (11). My findings suggest that within airway sensory nerves there are more TLR7-positive 
neurons than TLR7-negative neurons, and of these neurons, TLR7 is preferentially expressed on 
C fibers. These results contribute to the understanding of airway sensory C fibers as dynamic and 
integrated within complex immune and physiological responses due to their high expression of 
TLR7.  
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Implications of TLR7 regulation of sensory nerve growth  
 
This study also investigated the effect of a TLR7 agonist R837 (imiquimod) on nerve growth in 
vitro. Isolated guinea pig sensory nerves treated with R837 had increased nerve length and 
branching (data not shown). Increases in neurite length and branching of sensory neurons are 
linked to increased sensitivity to irritant-induced airway inflammation and hyperreactivity. 
Hyperinnervation of the airways amplifies specific responses to stimuli (22). In this study, TLR7 
stimulation on airway sensory nerve C fibers promotes neurogenesis, potentially increasing the 
severity of responses to viral infections among other irritants, allergens, and pollutants. Given that 
TLR7 is activated by both R837 and respiratory viruses, the increased nerve growth (as a result of 
stimulation by the agonist), may demonstrate how respiratory viruses may worsen diseases like 
asthma by inducing changes to the nerve structure.  
 
Prior studies have found that nerve growth can be induced from a variety of mediators including 
NGF and BDNF (19).  Although I haven’t identified the specific mechanism behind this dose-
dependent increase in neurite length, activation of TLR7 appears to be an underlying cause. The 
explanation for this may lie in TRL7’s potent anti-viral response by the production of type 1 
interferons and proinflammatory cytokines. In studies pertaining to imiquimod, a TLR7 agonist 
and the active component of a topical treatment called Aldara, application was noted to cause 
systemic pro-inflammatory cytokine production. In addition, protein levels of pro-inflammatory 
cytokines interleukin 1-beta and tumor necrosis factor alpha were significantly increased in the 
brain. (18). I hypothesized that elevated levels of pro-inflammatory cytokines have a downstream 
effect on neurotrophic factors initiating nerve growth.  
 
Proinflammatory cytokines have a central role in the communication between the immune and 
nervous system. Under pathological conditions, overproduction of cytokines may detrimentally 
impact the nerve function. In particular, pro-inflammatory cytokines can adversely affect 
neurogenesis by decreasing brain-derived neurotrophic factor (29). Although the mechanism 
behind the observed nerve growth has yet to be explained, it is important to re-state that my 
findings demonstrate the neurotrophic effects of a TLR7 agonist on dorsal root ganglia in vitro.  
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In sum, my study found TLR7 expression on C fibers of sensory afferent nerves and identified a 
novel neurotrophic effect of TLR7 stimulation on sensory nerves in vitro. Since respiratory viruses 
that activate TLR7 also exacerbate bronchoconstriction in lung diseases like asthma, my results 
provide compelling evidence that TLR7 expressed on sensory C fibers may contribute to aberrant 
bronchoconstriction and inflammation in this disease.  Specifically, viruses may induce nerve 
growth by stimulating TLR7, leading to airways hyperreactivity and excessive 
bronchoconstriction. My findings contribute to the growing discussion of TLR7 as a therapeutic 
target for asthma due to its immunomodulatory capabilities and role in neuroplasticity. 
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